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 For many high power microwave applications, it is desirable to modify the 
properties of radiating elements on a time-scale which is must faster than traditional 
active control circuits, to improve isolation and limiting.  For these applications, self-
biasing structures can be utilized to alter the propagation of an electromagnetic wave at 
microwave time-scales by dividing incident power among many high-speed nonlinear 
elements.  These self-biasing structures have been previously implemented using 
nonlinear metamaterials, which consist of resonant subwavelength elements loaded with 
diodes.  Due to the resonant nature of these structures, the bandwidth and consequently 
the activation time of these devices is inherently limited.   
In the first part of this dissertation a nonlinear metamaterial is demonstrated 
which switches from a broadband reflective state at low power to a broadband transparent 
state at high power.  Below the activation voltage, broadband reflectivity is created as a 
result of the effective permittivity and permeability having different signs. Above the 
activation voltage, reflection is suppressed by matching the relative permittivity and 
permeability. Both numerical simulations and experimental results are presented at S-
band frequencies.  To analyze the transient switching behavior of this structure a 
nonlinear multiconductor transmission line circuit is developed.  Transient measurements 
of this structure conducted in WR-284 waveguide show excellent agreement with this 
model.  Finally, this analysis is used to develop a varactor- loaded metamaterial which is 
iv 
 
capable of transitioning from a broadband transparent state at low power to a broadband 
reflective state at high power.   
In the final chapter of this dissertation, a self-biasing switch is proposed to reduce 
the artifacts associated with time reversal based beamforming.  This device consists of 
multiple diodes placed in series on a 50-Ω microstrip.  At low incident voltages this 
device behaves like a high pass filter.  Once the threshold voltage of these diodes is 
exceeded, the capacitive elements of this filter are shorted allowing energy to pass with 
significantly less attenuation.  By preferentially attenuating low power transients this 
device can suppress the temporal artifacts associated with the time reversal process.  An 
experimental demonstration of this device is performed using a reverberant cavity as a 
passive delay line network.  Measured outputs from this cavity are used as inputs to a 
simulated array of Vivaldi antennas to demonstrate the proposed improvement in 
beamforming. 
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Chapter 1 -Introduction 
 Microwave frequencies, which cover the portion of the electromagnetic spectrum 
from 300 MHz – 300 GHz [1], shape many aspects of the modern human experience.  
Wireless communication networks use these waves to transmit and receive data over 
large distances [2].  Due to the advent of high speed integrated processors, these networks 
now allow access to information from all over the world, revolutionizing the way in 
which people and societies interact with one another.  Medical technologies such as MRI 
[3] employ electromagnetic frequencies just below the microwave regime to aid in the 
detection of disease and injury, increasing both the quality and duration of human life.  
Furthermore emerging techniques such as microwave thermotherapy [4] may even allow 
this same frequency range to target and destroy cancerous cells without invasive surgical 
procedures.  Radars, which now operate throughout the microwave frequency range, have 
enabled humans to detect and image objects over vast distances [5].  This capability has 
allowed us to not only study remote parts of our planet but also view new and exotic 
worlds outside our own [6, 7]. Microwaves have even challenged our most fundamental 
views as a species, granting new and powerful insights into the dynamics of the universe 




The ubiquitous nature of microwave frequencies in modern life and technology 
can largely be attributed to the way in which these waves interact with materials.  
Interactions of an electromagnetic wave with matter can primarily be characterized as 
electric or magnetic.  For many materials, interactions with the magnetic portion of an 
incident wave are weak [9].  When an electric field is incident on a material, this 
interaction creates an induced polarization in the material which is characterized by the 
polarization vector field 𝑃� [10].  Due to this polarization the total electric field inside a 
medium is the sum of the applied electric field 𝐸�  and the induced field due to the 
polarization.  Therefore a quantity known as the electric displacement vector field 𝐷� is 
used to describe this in situ field, 
𝑫� = 𝜺𝟎𝑬� +𝑷�     (1.1) 
where 𝜀0 is the permittivity of vacuum.  Interactions with an applied magnetic field 𝐻� are 
specified in a similar manner through the magnetization vector field 𝑀�, magnetic flux 
density 𝐵�, and the permeability of vacuum 𝜇0.   
        𝑩� = 𝝁𝟎(𝑯� +𝑴� )     (1.2) 
For linear, lossless, and isotropic media the electric displacement and magnetic flux 
density are directly proportional to their respective applied fields, 
𝑫� = 𝜺𝑬�      (1.3) 
𝑩� = 𝝁𝑯�      (1.4) 




For homogeneous media ε is due to interactions of the applied electric field with 
atoms and molecules.  Due to the complexity which exists at the atomic level, there are a 
variety of mechanisms by which these interactions can give rise to observed permittivity 
values.  In the microwave regime one of the primary mechanism by which an electric 
field interacts with a homogeneous media occurs through dipolar interactions [11].  These 
interactions are characterized by a time constant known as the relaxation time τ [10] 




+ 𝑪    (1.5) 
where C is the polarizability of the medium at asymptotically large frequencies.  The 
permittivity of such media can be written in a complex form 
         𝜺 = 𝜺′ − 𝒋𝜺" = 𝜺′ − 𝒋 𝝈
𝝎
                (1.6) 
where ε’ is generally referred to as the dielectric constant of the medium and ε” is 
considered a measure of the dielectric losses.  The imaginary portion of the permittivity 
can also be written in terms of the conductivity of the medium (𝜎).   Both the real and 
imaginary components of this complex permittivity can be written in terms of the 
relaxation time τ, 
    𝜺′ = 𝜺𝟎−𝜺∞
𝟏+𝝎𝟐𝝉𝟐
+ 𝜺∞                 (1.7) 
       𝜺′′ = (𝜺𝟎−𝜺∞)𝝎𝝉
𝟏+𝝎𝟐𝝉𝟐
                           (1.8) 
where 𝜀0 and 𝜀∞  are the permittivity of the medium at asymptotically small and large 
values respectively.  Media with relaxation times much larger than the period of the 
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applied field are considered to be good insulators.  Examples of insulators at microwave 
frequencies include many plastics and crystals.  Those materials with very small 
relaxation times are considered good conductors such as copper and silver.   
Metamaterials 
 Often the efficiency of a microwave device is dependent on the values of 
permittivity and permeability which can be realized for conductors and insulators.  Due to 
the manner in which atoms and molecules are naturally arranged at the microscopic level 
desired values of ε or μ are often difficult to obtain simply by modifying the chemical 
composition of a material.  This limitation can be overcome by creating composite 
materials which utilize a mixture of two different substances to achieve effective 
permittivity and permeability values which are distinct from either material in isolation.  
In 1892, Lord Rayleigh suggested that a periodic array of small spherical particles 
(smaller than the incident wavelength), could be used to create effective material 
properties due to interactions similar to those occurring at the atomic level [12].  This 
work was later demonstrated by W. E. Kock [13] who used a periodic array of small 
metal spheres to create a composite dielectric lens for microwave frequencies.  When 
exposed to an applied electric field, alternating currents are induced on each sphere in 
this lattice, generating local dipoles which are similar to those induced at the atomic 
level.  By engineering the elements and assembly of this lattice, the effective permittivity 
of this structure can be designed on a macroscopic scale.  
5 
 
This concept of creating bulk material properties on a macroscopic scale is a 
powerful tool in microwave engineering because it allows effective material properties to 
be created which are beyond those achievable in nature.  For this reason, these structures 
are often referred to as metamaterials, borrowing from the Greek word for beyond, 
“µετα” or “meta”.  In general these metamaterials consist of subwavelength elements (i.e. 
unit cells), which are designed to interact with either the incident electric or magnetic 
field (Fig. 1.1).  Unlike photonic crystals and electromagnetic band gap materials which 
utilize a Bragg resonance causing their unit cells to be greater than λ/2, metamaterials 
typically have unit cells smaller than λ/10.  Typical magnetic elements for these 
structures consist of metallic loops.  When under the influence of an applied magnetic 
field these loops experience an induced current which in turn creates an induced 
magnetization.  This net magnetization creates a local magnetic field which adds to the 
applied one, thus modifying the effective permeability of the structure.  Electric elements 
 
Figure 1.1- Cartoon depiction of a single layer of a thin wire medium typically used to 
create effective permittivity (left) and a ring structure typically used to create effective 




are typically formed by thin wires, which like the spherical particles first demonstrated by 
Kock [13], become polarized when exposed to an incident electric field thus modifying 
the effective permittivity of the medium.   
A typical configuration of these magnetic and electric elements in an isotropic 
unit cell is shown in Fig. 1.2.  When oriented in a regular closely spaced lattice as shown 
in Figure 1.1, thin wire elements can be shown to exhibit a frequency dependent response 
similar to an electric plasma and following the well-known Drude model [14, 15], 




�     (1.9) 
 
Figure 1.2-Computer rendering of a single isotropic metamaterial unit cell composed 






where 𝜔𝑝 is known as the electric plasma frequency and Γ is a loss term corresponding to 
the inverse of the effective relaxation time (𝜏𝑒𝑓𝑓) of the thin wire medium.  For incident 
radiation with a frequency (ω) greater than the electric plasma frequency the effective 
permittivity of the medium is negative.  Negative permeability can also be generated in 
this structure by introducing small gaps into the magnetic loops.  The gaps in these split 
ring resonators (SRR) act as capacitive elements whereas the curved geometry of the loop 
creates inductance (Fig. 1.3).  The combination of this capacitance and inductance creates 
an LC resonance which significantly increases the magnetization of the loop over a 
narrow bandwidth and modifies the effective permeability [16, 17]  
 
Figure 1.3- Circuit analog (left) and drawing (right) for magnetically coupled split 
ring resonator (top) and electrically coupled thin wire (wire). 
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µ𝒆𝒇𝒇 = µ𝟎 �𝟏 −
𝑭𝝎𝟐
𝝎𝟐−𝝎𝟎𝟐+𝒊𝝎𝜞
�     (1.10) 
where F and Γ are the fill and dissipation factors respectively as specified by Smith et. al 
[16].  When the loss in the SRR is minimal, the effective permeability of the structure 
will be negative for a range of frequencies above the resonant frequency of the ring.  In a 
pivotal paper Smith et. al. [16] demonstrated that by tuning the geometry of a unit cell 
similar to that shown in Fig. 1.2, a structure could be created which possessed 
simultaneously negative permittivity and permeability, thus allowing for negative 
refraction, a phenomenon previously thought to not exist in nature [18].  This 
demonstration successfully highlighted the potential of composite media to create new 
and exciting physical phenomena and thus largely popularized the field of metamaterials.  
Since the work of Pendry and Smith in negative refractive index (NRI) media, the 
field of metamaterials has expanded into many new and exciting directions.  Due to the 
negative effective refractive index created in these structures, the effective propagation 
constant through the media can also be negative allowing the effects of diffraction to 
effectively be “undone”.  As first proposed by Veselago [19] and later expanded upon by 
Pendry [20], this unnatural property allows the evanescent modes of a source to be 
apparently amplified and transmitted to a remote image plane [21].  This phenomenon 
has been utilized by several authors to create sub-diffraction limited focusing which goes 
beyond the physical limit of traditional lenses [22].  Furthermore, because these 
structures can be used to engineer not only the direction but also the value of the 
propagation constant in the medium, several authors have demonstrated through a 
framework known as transformation electromagnetics, the ability of metamaterials to 
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divert incident radiation and hide the aberrations of a known scatter effectively 
“cloaking” an object [23].  The exciting possibilities of these demonstration, have spurred 
the development of metamaterials far beyond the microwave regime into THz [24] and 
optical frequencies [25] and even into acoustics [26]. 
Tunable Metamaterials 
 One of the primary limitations of many metamaterial designs is the limited 
bandwidth over which desired effective material paramaters can be realized.  In general, 
this limitation arises from the resonant elements loading the structure, which by nature 
respond most significantly over a fairly narrow bandwidth, determined by the quality 
factor of the resonator.  Furthermore many applications demand material properties 
which are agile and can be changed depending on the situation.  To address these issues, 
tunable metamaterials can be employed, which enable the effective material properties of 
the medium to be modified in response to some stimulus.  Following the delineation 
outlined by Turpin et. al [27]., three basic categories of tuning mechanisms can be 
identified: material, geometry, and circuit.  Material based methods of tuning generally 
attempt to modify the constituent material properties of the structure to induce a shift in 
the resonant characteristics of the unit cell.  This effect can be achieved by modifying 
either the permittivity or permeability of the support material in the unit cell or by 
changing the conductivity of the resonant elements.  Permittivity tuning has been 
demonstrated using a variety of materials including ferroelectric films [28], liquid-crystal 
[29] and phase-change materials [30], whereas permeability tuning has been achieved 
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using ferrite materials and yttrium iron garnet [31].  Conductivity tuning is typically 
implemented using semiconductors [32]. 
 A more complex yet potentially more drastic method of tuning the effective 
material properties of a metamaterial involves modifying the physical geometry of the 
unit cell.  While this technique can often be challenging to implement due to the presence 
of actuated moving parts, it can be an effective mechanism for altering permittivity and 
permeability values at higher frequencies where biasing and surface mount components 
are not practical.    At THz frequencies demonstrations of geometry tuning have been 
performed by modifying both the position [33] and orientation [34] of resonators and 
conductors within the unit cell.  At optical frequencies gold nanorods [35] have been 
employed to modify the effective permittivity of an optical medium.  Movement of the 
nanorods can occur either by self-assembly initiated by a local electric field or by 
movement of liquid crystals within the support material [36]. 
 By far the most common method of tuning the effective material properties of a 
metamaterial in the microwave regime involves modifying the impedance or circuit 
parameters of the unit cell.  This technique relies on the fact that both the magnetic and 
electric elements can be represented as equivalent circuits (Fig. 1.3).  By inserting 
discrete elements into the unit cell of the metamaterial which can vary their impedance in 
response to an applied stimulus the frequency dependent impedance characteristics of the 
this equivalent circuit can be modified thus tuning the effective permittivity and 
permeability of the structure.  This effect has been implemented through a variety of 
semiconductor mechanisms including varactor [37], PIN [38, 39], and Schottky [40, 41, 
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42] diodes as well as transistors [43].  MEMS devices have also been utilized in a similar 
fashion to implement a physical switch “On/Off” switch within the unit cell [33]. 
Self-Biasing Metamaterials 
 For many applications, such as high power limiting [38], field confinement [39], 
and harmonic generation [37], these tunable metamaterial structures need to change their 
material properties at a rate which is faster than traditional control circuits or respond in 
real-time to the incident wave.  In these scenarios, actively controlled tuning mechanisms 
are not suitable and techniques for passively tuning the effective material properties are 
required.  This passive modification of the effective material parameters can be achieved 
by inserting semiconductor devices into the electric or magnetic elements of the 
metamaterial structure such that the voltage induced in these elements nonlinearly 
modifies the impedance thus changing the resonant properties of the structure [38] [40].  
One notable exception to these semiconductor based nonlinear switching mechanisms are 
the superconducting metamaterials [44].       
 In general semiconductor based self-biasing metamaterials can be divided into 
two classes, capacitively switched and resistively switched devices.   Consider the SRR 
equivalent circuit shown in Fig. 3.  This circuit consists of an inductive element which 
arises from the circular geometry of the SRR, a resistive element due to ohmic losses in 
the metal and support material, and a capacitor which for a single SRR is due to the gap 
in the ring (for the double SRR configuration this capacitance is primarily derived from 
the gap between the inner and outer ring [17]).  When a semiconductor device is placed 
into the gap of the SRR, this device in effect becomes a load in parallel with the gap 
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capacitance (Fig. 1.3).  If the impedance of this load is much larger than that of the gap 
then the effect of this device will be negligible, otherwise the semiconductor impedance 
will dominate the gap capacitance and become the primary driver of resonant properties 
in the SRR.  For resistively switched devices, the real part of this impedance generally 
transitions from large to small values as the voltage across the device increases, thus 
transitioning the loaded gap in the SRR from an open to a short.  This effect reduces the 
quality factor of the SRR resonance without changing the resonant frequency.  On the 
other hand capacitively switched devices generally transition from low to high impedance 
with increasing reverse biased voltage and because the real part of the impedance is 
generally constant, this change in impedance shifts the resonant frequency of the SRR 
without increasing loss.  Thus we can modify the resonant properties of the metamaterial 
in two distinct ways depending on whether we load the structure with resistive or 
capacitive nonlinearites. 
Resistive Switching 
 For the purpose of self-biasing the effective material properties of a metamaterial 
structure, resistive nonlinearities are typically achieved by using the forward bias 
properties of a semiconductor junction.  Depending on the nature of this junction the 
manner in which this nonlinear resistance manifests itself can be quite varied in response 
to an incident change in voltage.  For this reason it is critical to understand the behavior 
of these junctions in order to fully characterize their impact on the effective material 
properties of a metamaterial.  In the proceeding sections, the theory associated with three 
common semiconductor devices (PN, PIN, and Schottky diodes) used in self-biasing 
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metamaterials will be outlined to illuminate the voltage dependent impedance properties 
of these devices.  Specific examples from literature of their implementation will also be 
provided where appropriate.  
PN-Junction Diode 
 
Figure 1.4- Illustration of PN junction at zero bias with the associated energy band 
diagram, where 𝑬𝒄 and 𝑬𝒗 are the energy of the conduction and valence band 




 One of the most commonly employed semiconductor devices is the PN junction 
diode [45].  This device consists of P-type and N-type semiconductors in physical contact 
(Fig. 1.4).  At this junction “holes” in the valence band of the P-type semiconductor 
diffuse into the N-type material and electrons in the conduction band of the N-type 
diffuse into the P-type material.  As electrons vacate the N-type region, they leave behind 
ionized donor atoms which are bound to the crystal lattice.  These ionized atoms create a 
net force on the electrons which is balanced by diffusive forces, thus creating an 
equilibrium region known as the depletion region.  A similar effect occurs with the holes 
leaving the P-type region creating a second depletion region in the P-type material.  This 
redistribution of charges within the depletion region creates a net potential which is 
known as the junction potential of the diode and prevents further diffusion in the 
semiconductor junction.  If an external bias voltage is applied to this junction such that it 
opposes the junction potential than the potential across the depletion region will be lower 
than its equilibrium value thus allowing charges to diffuse and current to flow across the 
junction.  This condition is known as forward bias and is can be described by the ideal 
diode equation, 
                                                      𝐈 = 𝐈𝐬 �𝐞
�𝐞𝐕
𝐤𝐓
� − 𝟏�                       (1.11) 
where 𝐼𝑠 is the saturation current, e is the electronic charge, V is applied voltage, k is 
Boltzman’s constant, and T is the temperature of the junction.  However, if on the other 
hand a bias is applied in the same direction as the equilibrium then the junction potential 
will be increased beyond its equilibrium value and diffusion of charge carriers will be 
reduced.  This process generates some current in the junction but it is small due to the 
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fact that it is supported by minority carriers.  Therefore there is a non-reciprocal and 
nonlinear current voltage relationship present in a PN semiconductor junction. 
PIN-Junction Diode 
 A simple yet powerful modification which can be made to the PN junction is the 
addition of a lightly doped semiconductor region in between the P-type and N-type 
regions, known as the “intrinsic region” hence these junctions are known as PIN diode 
(Fig 1.5).  Charges from the P-type and N-type regions diffuse into this intrinsic layer and 
recombine leaving thin charged regions on either side of the intrinsic later [46].  Unlike 
the PN junction, the electric field created by these two separated charge regions is 
uniform throughout the intrinsic layer.  By adjusting the width of this of this intrinsic 
region the breakdown voltage of these diodes can be increased.  This property makes 
them ideal candidates for high power RF limiting circuits. 
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 Due to their unique high power and frequency capabilities, PIN diodes have been 
successfully employed in various self-biasing metamaterial demonstrations.  Katko et. al. 
[38] were the first to utilize high speed PIN diodes to passively switch the effective 
material parameters of a metamaterial structure under the influence of a high power RF 
wave.  In this demonstration a complementary electrically coupled split ring resonator 
structure was loaded with PIN diodes and used to demonstrate microwave limiting at S-
band frequencies.  A 3-dB reduction in transmitted amplitude was observed over an 18% 
 





bandwidth centered in S-band frequency range with a maximum change in transmission 
of 6 dB.  Following this work, Lopez et. al. [39], utilized a PIN diode loaded split ring 
resonator array to improve the signal to noise ratio of an MRI coil.  This was done by 
creating a metamaterial structure which possessed an effective permeability close to one 
for low incident power levels.  Once exposed to high power the effective permeability of 
this structure decreased significantly to something close to zero, thus rejecting fields at 
high power and allowing the SNR of the system to be increased. 
Schottky Diode 
 One of the primary issues associated with both PN and PIN junctions for RF 
applications is the so-called reverse recovery time.  As these junctions become forward 
biased, minority carriers are stored both in the depletion region and the adjacent charge 
neutral regions [45].  For time varying RF signals which both forward and reverse bias 
these junctions, these stored charges can be problematic as they allow current to flow in 
reverse bias.  A quantity known as the transient time is used to describe this effect and 
 




corresponds to the time required for the junction current to drop to 10% of the initial 
reverse current [46].  For efficient operation this transient time needs to be significantly 
less than any transient applied to the diode.   In the case of PN junction diodes, the 
transient time can be quite high limiting the operation of these diodes at microwave 
frequencies.  For high frequency applications Schottky barrier diodes are often used 
instead of PN diodes.  These Schottky diodes typically consist of an N-type 
semiconductor bonded to a metal [45] (Fig. 1.6).  When in contact with a perfectly 
conducting metal, electrons from the N-type region are transferred into the metal, leaving 
behind a region of positively charged donor impurity atoms.  A negatively charged sheet 
forms at the surface of the metal to balance this positively charged region, which 
suppresses the flow of electrons and causes the system to reach equilibrium.  This 
distribution of charges forms a potential barrier, which like the PN and PIN diodes can be 
overcome with sufficient forward biasing.  However unlike these diodes, conduction 
occurs through majority carriers, which limits the switching time of the junction by the 
thermalization of hot carriers and not the recombination time.  This decreased recovery 
time allows Schottky diodes to function at significantly higher frequency ranges. 
 Due to their low activation voltage and transient times, Schottky diodes have been 
employed in various self-biasing metamaterial applications.  One of the first such 
demonstrations was performed by Sievenpiper et. al. [41] using a ground metasurface.  In 
this demonstration high-speed Schottky diodes were used to connect the metal patches of 
the so-called “mushroom” or “Sievenpiper” surface.  At low power these diodes act like 
high impedance devices and allow a surface mode to propagate along the structure.  Once 
activated at high power the diodes become lossy absorbing incident energy and 
19 
 
preventing the flow of current along the structure protecting sensitive electronics from 
damage.  This work was later extended to create waveform selective absorbers which 
selectively attenuate depending on the pulsewidth of the incident waveform [42].  More 
recently a broadband nonlinear switching metamaterial structure was demonstrated by 
Wall et. al. [40], using a traveling metamaterial structure loaded with high speed Schottky 
diodes.   
Capacitive Switching 
 For many applications such as harmonic generation and tunable filtering [37] the 
resonant frequency of a metamaterial structure needs to shift in frequency in response to a 
change in incident power.  In these cases, the magnetic and/or electric elements of the 
structure are loaded with capacitive nonlinearities instead of the resistive nonlinearities 
previously discussed.  Because these nonlinearities primarily modify the reactive part of 
the impedance, the transition from the material properties at low power to those at high 
power is not necessarily marked by Ohmic losses as is the case with resistive switching. 
Varactor Diode 
 For most microwave applications nonlinear capacitance is achieved through the 
use of varactor diodes.  Under reverse bias, the junction potential of these diodes is 
increased causing the width of the depletion region to grow (Fig. 1.7).  This effect 
decreases the capacitance thus creating a capacitance which is described by an inverse 
relationship with the applied voltage 
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,           −∞ < 𝑉 < 0         (1.12) 
where 𝐶0  is the zero-bias capacitance, M is grading coefficient, and 𝑉𝑗  is the junction 
potential [47].  For an ideal varactor the grading coefficient has a value close 0.5, but 
 




with specific doping profiles this value can be increased significantly which is the case 
for hyperabrupt varactors [48].  These hyperabrupt diodes are capable of significantly 
more abrupt changes in capacitance in response to applied voltage and thus can behave 
more nonlinear over certain tuning ranges.   
 Due to their unique reactive tuning properties, varactor diodes have been 
successfully utilized in nonlinear and self-biasing metamaterial structures.  Initial 
demonstrations of varactor loaded metamaterial structures utilized split resonators loaded 
with hyperabrupt varactor diodes to create tunable resonances and high order harmonics 
[37].  Later work demonstrated that these resonances exhibited bistable properties [49, 
50] which resulted in abrupt changes in effective material parameters.  Furthermore in the 
case where two opposing varactor diodes were used to load the resonant elements of the 





Chapter 2 –Imaginary Impedance 
Metamaterials 
Metamaterials have the ability to engineer not only the magnitude of permittivity 
and permeability values but also the sign of these quantities.  Over the past decade, this 
feature has been the subject of much research: often focused on the development of 
simultaneously negative permittivity and permeability media.  However the ability to 
create non-overlapping spectral regions of negative permittivity and permeability can also 
be of great utility.  As will be discussed in this chapter, such effective permittivity and 
permeability combinations create media with imaginary impedance or refractive index.  
Materials with imaginary refractive indices are generally strong reflectors of 
electromagnetic energy such as metals.  However, unlike naturally occurring reflective 
media, the characteristics of a metamaterial can effectively be switched on or off 
depending on the power in an incident wave.  This effect can be achieved through the 
insertion of resistive or capacitive switching mechanisms, such as those discussed in 
Chapter 1.  In this chapter the transmission of electromagnetic waves through imaginary 
impedance media will be discussed as well as a metamaterial structure for achieving such 
material properties. 




Consider a plane electromagnetic wave propagating in a purely real dielectric 
medium.  Following the analysis in [51], solutions for the electric and magnetic fields of 
this wave can be written in the following phasor notation 
    𝑬��⃑ = 𝑬𝒆−𝒋𝒌𝒛𝒙�            (2.1) 
 
Figure 2.1- Illustration showing field orientation for incident, reflected, and 




    𝑯���⃑ = 𝑯𝒆−𝒋𝒌𝒛𝒚�            (2.2) 
where k is the propagation constant in the medium specified as 𝑘 = 𝜔√𝜀𝜇 𝑐⁄ .  The 
orientation of the Cartesian coordinates x,y, and z are shown in Fig. 2.1.  Substituting 
𝐻 = 𝐸/𝑍 into Eq. 2.2, where Z is the characteristic impedance of the medium defined 
as 𝑍 = �𝜇 𝜀⁄ , the magnetic field vector can be written in terms of the electric field 
magnitude.    
    𝐇��⃑ = 𝐄
𝐙
𝐞−𝐣𝐤𝐳𝐲�            (2.3) 
When this propagating wave encounters the boundary of a dissimilar medium having 
infinite extent in both the transverse (i.e. 𝑥�&𝑦�) and longitudinal (i.e. ?̂?) directions the 
solutions at the boundary can be decomposed into 3 distinct waves: an incident wave, a 
reflected wave, and a transmitted wave (Fig 2.1) 
      𝑬𝒊����⃑ = 𝑬𝟏𝒊 𝒆−𝒋𝒌𝟏𝒛𝒙�            (2.4) 
    𝑬𝒓����⃑ = 𝑬𝟏𝒓𝒆𝒋𝒌𝟏𝒛𝒙�            (2.5) 
      𝑬𝒕����⃑ = 𝑬𝟐𝒆−𝒋𝒌𝟐𝒛𝒙�            (2.6) 
    𝑯𝒊����⃑ = 𝑬𝟏
𝒊
𝒁𝟏
𝒆−𝒋𝒌𝟏𝒛𝒚�            (2.7) 
      𝑯𝒓�����⃑ = − 𝑬𝟏
𝒓
𝒁𝟏
𝒆𝒋𝒌𝟏𝒛𝒚�            (2.8) 
    𝑯𝒕����⃑ = 𝑬𝟐
𝒁𝟐
𝒆−𝒋𝒌𝟐𝒛𝒚�            (2.9) 
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Assuming negligible surface current, Gauss’ Law and Ampere’s Law specify continuity 
of the tangential magnetic and electric fields across the boundary.  Substituting Eqs 2.4-
2.9 into these boundary conditions the incident and reflected waves can be related to the 
transmitted wave. 








            (2.10) 
    𝑬𝟏𝒊 + 𝑬𝟏𝒓 = 𝑬𝟐            (2.11) 
From these equations, the reflected field in medium 1 and the transmitted field in medium 
2 can be normalized to the incident field, thus yielding the reflection (r) and transmission 
(t) coefficients. 






            (2.12) 





            (2.13) 
 Consider the case where the impedance of medium 2 is purely imaginary and the 
impedance of medium 1 is purely real, which occurs when the permittivity is negative and the 
permeability is positive or vice versa.  In this scenario the impedance of medium 2 can be written 
as a purely real quantity times the imaginary unit, j, yielding the following equation for the 
reflection coefficient.     






            (2.14) 
Rewriting the reflection coefficient as a function of reflected and incident power, it can 
be seen that all of the power incident on medium 2 is reflected back into medium 1. 
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= 𝟏     (2.15) 
Since this medium is lossless conservation of energy guarantees that no power is 
transferred to medium 2 regardless of the magnitude of the impedance in either medium.  
In the case where this medium does have some loss or conductivity there is a finite 
penetration into the medium known as the skin depth effect.   
Finite Imaginary Slab 
For a medium possessing purely imaginary impedance the propagation constant in 
the medium is also imaginary.  Therefore if this imaginary propagation constant is 
substituted into Eqs. 2.6 and 2.9, it can be seen that the fields inside the imaginary-
impedance medium are not propagating but rather decay exponentially.   
      𝑬𝒕����⃑ = 𝑬𝟐𝒆−
|𝒌𝟐|𝒛𝒙�            (2.16) 
    𝑯𝒕����⃑ = 𝑬𝟐
𝒁𝟐
𝒆−|𝒌𝟐|𝒛𝒚�            (2.17) 
These non-propagating waves are known as evanescent fields and if the thickness of the 
medium is small enough these fields can penetrate through the medium creating 
propagating waves on the other side.   
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To analyze this problem consider a plane normally incident on a purely imaginary 
dielectric medium of finite thickness, d, in the axial direction but infinite extent in the 
transverse direction (Fig. 2.2).  This problem can be divided into three distinct regions: 
before (region 1) and after (region 3) the imaginary slab and inside the slab (region 2).  
Following the matrix propagation method outlined in Orfanidis [52], the forward 𝐸+3 and 
backward 𝐸−3 propagating fields in region 3 can be written in terms of the forward  𝐸+1  and 
backward 𝐸−1 propagating fields in region 1,    
 
Figure 2.2- Illustration showing fields orientations inside and outside a dielectric slab 



















�  (2.18) 






𝒋𝒌𝟐𝒅 + 𝒓𝟏𝒓𝟐𝒆−𝒋𝒌𝟐𝒅 𝒓𝟏𝒆−𝒋𝒌𝟐𝒅 + 𝒓𝟐𝒆𝒋𝒌𝟐𝒅




�   
where 𝑟1  and 𝑡1 are the reflection and transmission coefficients at the first boundary and 
𝑟2& 𝑡2  are the reflection and transmission coefficients at the second boundary, where 
𝑟1 = 𝑟2 = 𝑟.  Assuming that no additional boundaries are encountered by the propagating 
wave after the imaginary slab, the backward propagating wave in region 3 can be set to 
zero yielding the following equation for the total reflection and transmission coefficients 
through the slab. 
      𝑺𝟏𝟏 =
𝒓−𝒓𝒆−𝟐�𝒌𝟐�𝒅
𝟏−𝒓𝟐𝒆−𝟐�𝒌𝟐�𝒅
            (2.19) 










Figure 2.3- Plot of reflection (top) and transmission (bottom) for a semi-infinite 




Eqs. 2.19 &2.20 were evaluated for a normally incident plane wave propagating 
through an imaginary slab from free space.  This calculation was performed for various 
slab thicknesses (𝑑 𝜆⁄ ) and relative impedance values (Fig. 2.3).  For infinitely large slab 
thickness, all of the incident energy is reflected as expected from Eq. 2.15.  As the 
thickness of the slab is decreased more and more energy is transmitted through to region 
3.  However even for relatively small slab thicknesses (d < λ), a significant portion of the 
incident energy is reflected even when the magnitude of the slab impedance is equal to 
the free space impedance.  Therefore even a very thin slab of an imaginary impedance 
medium can be a highly effective reflector.  For example a gold slab of thickness λ/10, 
which has a 𝜀′ = −1678  [53] at 1 GHz will reflect approximately 99.94% of the energy 
in a plane wave incident from free space.           
Broadband Switching Imaginary Metamaterial 
In general there are two ways in which imaginary impedances can arise in 
metamaterials.  First thin wire media can exhibit negative permittivity at frequencies 
below the electric plasma frequency (Eq. 1.5).  Second resonant structures such as the 
split ring resonators discussed in Chapter 1 can exhibit negative permeability above the 
resonant frequency of the SRR (Eq. 1.6), which persist up to the magnetic plasma 
frequency.  If the properties of these elements are carefully tuned such that the electric 
plasma frequency of the thin wire structure is exactly equal to the magnetic resonant 
frequency of the SRR, then this medium will now possess two non-overlapping yet 
adjacent regions of imaginary impedance (Fig. 2.4).  Furthermore, unlike its constituents 
in isolation this hybrid thin wire SRR unit cell will now have significantly larger 
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imaginary impedance bandwidth covering both the negative permittivity region of the 
thin wire medium and the negative permeability medium of the SRR medium. 
 
 
Figure 2.4- Plot of effective material parameters for a hybrid thin wire/SRR unit cell 







Figure 2.5- Plot of reflection (top) and transmission (bottom) for a semi- infinite 
metamaterial slab having broadband imaginary impedance.  Several slab thicknesses 




Using the equations for the effective permittivity and permeability of a 
homogenized media, frequency dependent reflection and transmission coefficients can be 
computed for this hybrid structure.    






�     (2.21) 
µ𝒆𝒇𝒇 = µ𝟎 �𝟏 −
𝑭𝝎𝟐
𝝎𝟐−𝝎𝟎𝟐+𝒊𝝎𝜞
�     (2.22) 
Due to causality, the index of refraction (𝑛 = �𝜀𝑒𝑓𝑓µ𝒆𝒇𝒇) must be greater than 1 as the 
frequency goes to infinity.  Therefore an additional factor inversely proportional to 1-F 
must be added to the permittivity.  In order for Eqs. 2.21 & 2.22 to be valid for the 
geometry under investigation the following assumptions need to hold.  First, the size of 
the metamaterial unit cell needs to be small enough that the homogenization limit is valid 
over the frequency range being investigated.  Second, the mutual coupling between the 
elements in the unit cell should be negligible causing their combined response to be the 
same as the superposition of the isolated responses.  Due to the complex nature of Eqs. 
2.21 and 2.22, Eq. 2.19 is no longer valid as it assumes that the effective permittivity and 
permeability are purely real.  Therefore it is rewritten below in its more general form.  
      𝑺𝟏𝟏 =
𝒓−𝒓𝒆−𝟐𝒋𝒌𝟐𝒅
𝟏−𝒓𝟐𝒆−𝟐𝒋𝒌𝟐𝒅
            (2.23) 




            (2.24) 
Substituting Eqs. 2.21 & 2.22 into Eq. 2.23, frequency dependent transmission and 
reflection coefficients were computed in MATLAB for a plane wave normally incident 
from free space on an ideal broadband imaginary metamaterial structure of various 
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thicknesses (Fig. 2.5).  A nominal fill factor of 0.75 and dissipation factor of 1.25e-9 𝜔0  
were used.   For exceedingly small thicknesses (d<𝜆0/100) the medium is essentially 
transparent throughout the bandwidth investigated.  This is expected as evanescent modes 
inside the slab have not sufficiently decayed at this depth, thus allowing waves to pass 
through the medium.  As thickness is increased evanescent modes decay substantially 
more before reaching the second boundary at z=d, thus reflecting significantly more 
power at z=0.  At a thickness of 0.167𝜆0  more than 86% of the incident energy is 
reflected back into region 1 on average. 
 
 
Figure 2.6- Plot of effective material parameters for a hybrid thin wire and shorted 




 Unlike natural materials exhibiting imaginary impedance characteristics such as 
metals, metamaterials can drastically change their effective material properties in 
response to the power of an incident wave.  Possibly the simplest way to achieve this 
effect, is to simply short the resonance in the metamaterial.  In the case of the 
aforementioned structure this would involve putting a power dependent load in the gap of 
the SRR such that under some condition the switch would close, shorting the capacitance 
in the ring, destroying the LC resonance.  In terms of the magnetic properties of the 
structure, this shorting of the SRR resonance would now render the effective permeability 
 
Figure 2.7- Plot of reflection (solid) and transmission (dashed) for a semi- infinite 
metamaterial slab composed of thin wires and shorted split ring resonators.  Slab 




essentially frequency independent and less than 1 [17], whereas the effective permittivity 
would be essentially unaffected (Fig. 2.6). 
       µ𝒆𝒇𝒇 = µ𝟎(𝟏− 𝑭)      (2.25) 
Using Eqs. 2.23 & 2.24 reflection and transmission coefficients were computed using Eq. 
2.25 for the effective permeability of the medium (Fig. 2.7).  For a 0.83𝜆0 thick slab it 
can be seen that a substantial portion of the incident energy (> -3 dB) is transmitted 
through the slab over a 21% bandwidth centered at 1.28𝜔0 .  Therefore simply by shorting 
the magnetic resonance in the metamaterial, the effective material properties can be 
changed from highly reflective to highly transparent over a broad bandwidth.  While the 
broad nature of this bandwidth in the reflecting case is due to the overlap of the 
imaginary impedance regions present in the thin wire and SRR structure, the transparent 
case it is due to proximity of an impedance matched feature at 1.03𝜔0  to a Fabry-Perot 
resonance.  By adjusting the thickness of the slab the frequency at which this resonance 
occurs can be changed allowing the magnitude and width of this transmission region to 
be adjusted (Fig. 2.7). 
Design 
To implement the broadband imaginary metamaterial structure discussed in the 
previous section, a unit cell loaded with surface mount diodes was designed and 
demonstrated [40].  The broadband switching behavior of this metamaterial is achieved 
by creating two distinct sets of effective material parameters which are dependent on the 
variable resistance values of the diodes that load the structure. These effective material 
properties are controlled by a metamaterial unit cell (Fig. 1) consisting of two separate 
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components: an inductive element that provides an exclusively electric response and a 
magnetic element which exhibits both electric and magnetic effects. The inductive 
elements are formed by meandered copper traces oriented parallel to the electric field. 
(a)  
(b)  
Figure 2.8- (a) CAD drawing of basic unit cell for broadband switching metamaterial 
structure. This design uses two basic elements: magnetic rings loaded with Schottky 
diodes (illustrated as black surface mount components) and inductive traces. (b) By 




The meandering shape of these elements increases the inductance while allowing the 
linewidth of the traces to remain large enough to be fabricated using standard printed 
circuit lithography techniques. The magnetic elements are manifested as a series of linked 
metallic loops, the axes of which are oriented along the direction of the magnetic field 
vector. Fig. 2.8b shows seven loops connected to each other in the direction of 
propagation to create a traveling-wave structure [53]. Each individual loop is broken in 
two places (top and bottom) allowing an antiparallel diode pair to be inserted into each 
gap (each pair is contained in a single package, Fig. 2.8a). 
 
Parameter Value 
H 8.5 mm 
d 8 mm 
c 7 mm 
b 10 mil 
a 1.4 mm 
w 5 mil 
t 60 mil 
s 32 mil 
 
Table 2.1-Design parameters for unit cell in Fig. 2.8 
 
When excited with a transverse-electric wave, where the electric field is oriented 
parallel to the electric field vector shown in Fig. 2.8, the response of this structure can be 
described by one of two limiting cases: broadband reflective and broadband non-
reflective. In the reflective case, which occurs at power levels too low to activate the 
diodes, the impedances in the gaps of the rings are dominated by the diode capacitance 
and these elements behave similar to split-ring resonators (SRRs). Unlike traditional 
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SRRs, these loops are electrically coupled in a traveling-wave configuration to increase 
the bandwidth over which a negative permeability can be achieved [54].  
When induced voltages in the loops are above the activation voltage of the diodes, 
the diode capacitance is shorted, destroying the magnetic resonance. Without the 
resonance, the permeability of the structure is positive for all frequencies. Consequently, 
the wider the negative permeability bandwidth is in the low power state, the greater the 
bandwidth of the switching performance. The magnitude of the relative permeability can 
be tuned through iterative optimization to match the existing relative permittivity created 
by the inductive elements, resulting in an impedance match at a designed frequency (Fig 
2.9). 
 
Figure 2.9- Effective material parameters in the low power state (blue) and high 
power state (red) configuration. These material parameters were extracted from the 




Simulations of this metamaterial were performed using ANSYS’ HFSS. Fig. 2.8b 
shows the geometry for the design under investigation. Both magnetic and electric 
elements are printed on a RO4003C substrate with 𝜀𝑟=3.55 and tan δ=0.0027. Periodic 
boundary conditions are used to simulate an infinite array excited by a normally incident 
plane wave. Lumped element ports are placed into the gaps of rings to simulate the 
effective impedance of the Skyworks SMS7621 Schottky diode in its conducting and 
non-conducting states. A capacitance value of 0.31 pF and an off-state parallel resistance 
of 5 kΩ for these elements were obtained by reflection measurements at 0 dBm of a 50-Ω 
microstrip transmission line terminated with two antiparallel diodes connected to ground. 
Accurate impedance extraction could not be performed at a power high enough to fully 
turn on the diodes, so a parallel resistance of 12 Ω was taken from the manufacturer’s 
specification sheet [55]. Across an 810-MHz bandwidth centered at 3.4 GHz a nearly -
10-dB reduction in reflected power is observed between small (12 Ω) and large (5 kΩ) 
resistance values (Fig. 2.10). Furthermore, it can be seen from the corresponding 𝑆21  
values that a large portion of the energy at high power is transmitted. 
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Fig. 2.10 also shows how changing the number of cells in the direction of 
propagation affects the impedance match of the metamaterial slab. The frequency at 
which the electrical thickness of the slab is 180° will have a reflection null. Increasing the 
 
 
Figure 2.10- Simulated reflection (top) and transmission (bottom) spectra for the 
seven-cell- thick design (solid) as well as for five (dotted) and nine (dashed) cells. 
Blue lines show low power excitation and red lines show high power excitation. The 




thickness of the slab brings this frequency closer to the design frequency (where there is a 
reflection null due to the impedance match) and allows the reflection coefficient to be 
minimized over a wide bandwidth. We chose a thickness of seven cells to maximize the 






Chapter 3 -Nonlinear Multiconductor 
Transmission Line Analysis of 
Broadband Switching Metamaterials 
In the previous chapter a broadband nonlinear metamaterial structure was 
proposed and investigated in numerical electromagnetic simulation.  This structure 
consisted of two separate components: an inductive element that provides an exclusively 
electric response and a magnetic element which exhibits both electric and magnetic 
effects.  By loading the magnetic elements of this structure with a nonlinear impedance, 
such as a diode, the transmission characteristics of the device can be switched between 
two broadband states.  When the impedance of this nonlinear load is high, this structure 
exhibits broadband reflective characteristics due to its imaginary impedance.  However 
when this impedance is low the structure becomes impedance matched over a broad 
bandwidth, passing incident radiation.   
This passive switching behavior is particularly useful for applications such as 
high power limiting and field confinement.  In these applications, powerful 
electromagnetic fields may exist near sensitive equipment and consequently need to be 
suppressed before they can cause damage or saturate sensors.  For these applications the 
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manner in which these self-biasing metamaterials switch from one state to another as a 
function of time is particularly important.  While the steady state performance of such 
structures are easily modeled in full wave simulation by replacing diodes with their 
lumped element equivalents, transient analysis requires modeling the time-varying and 
nonlinear I-V characteristics of the diode as well as their interaction with the induced 
current.  Therefore in this chapter a nonlinear multiconductor transmission line analysis is 
proposed to analyze the transient behavior of this broadband switching metamaterial 
structure.  Because this model can be implemented in commercial microwave circuit 
simulators such as Agilent’s Advanced Design System (ADS), manufacturer specified 
diode models can be implemented allowing for rapid evaluation of a wide variety of 
configurations.  
In this chapter, a multiconductor transmission line framework will be developed 
to analyze the transient behavior of this structure.  Following a brief introduction to 
multiconductor transmission line analysis, an equivalent circuit representation will be 
developed for symmetric nonlinearities.  Simulations of this configuration will be 
performed in ADS for dual-anti parallel Schottky.  This initial multiconductor framework 
will then be extended into a more general 4-conductor framework which can handle both 
symmetric and non-symmetric nonlinearities.  Simulations for single hyperabrupt 
varactor diodes will be provided. 
Multiconductor Transmission Line Analysis 
At microwave frequencies, the wavelength of the signals being transmitted is 
often on the same order of or smaller than the lengths of conductors.  In these scenarios, 
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guided mode structures are required for efficient transmission.  Common examples 
include striplines, microstriplines, coaxial lines, and.  In general all of these structures 
operate by confining an alternating field between two conductors with transverse electric 
and magnetic components, also known as a TEM-mode.  Electromagnetic waves 
propagating in this mode are generally well modeled by equivalent circuits known as 
transmission lines.  A canonical transmission line is shown in Fig. 3.1.  This circuit 
consists of a serial inductor and resistor in parallel with a resistor and capacitor.  
Propagation of an alternating voltage (V) and current (I) along this transmission line is 
described by the telegrapher’s equations [53], 
− 𝒅𝑽
𝒅𝒙
= 𝒁𝑰     (3.1) 
− 𝒅𝑰
𝒅𝒙
= 𝒀𝑽     (3.2) 
 





where Z is the characteristic impedance of the transmission line defined as 𝑍 = 𝑅𝑠 + 𝑗𝜔𝐿 
and Y is the characteristic admittance defined as 𝑌 = 𝐺 + 𝑗𝜔𝐶.  By substituting Eq. 3.2 
into Eq. 3.1 a single second order differential equation can be obtained assuming the 
admittance of the line does not vary along its length (x). 
𝒅𝟐𝑽
𝒅𝒙𝟐
= 𝒁𝒀𝑽     (3.3) 
Solutions to Eq. 3.3 are forward and backward propagating waves with the propagation 
constant 𝛽 = √𝑍𝑌. 
                            𝑽 = 𝑨𝒆−√𝒁𝒀𝒙 + 𝑩𝒆+√𝒁𝒀𝒙 = 𝑨𝒆−𝜷𝒙 + 𝑩𝒆+𝜷𝒙     (3.4) 
By inspection Eq. 3.4 is mathematically similar to solutions for the electric field of a 
guided wave.  Therefore by choosing appropriate values of inductance, capacitance, and 
resistance, accurate transmission line equivalents can be developed for waves 
propagating through these structures. 
 





 In the case where two or more guided modes are closely spaced, energy and 
information from one guiding structure can be transferred to the other.  For these 
scenarios a coupled transmission line theory is required.  This coupled analysis is 
commonly accomplished through a framework known as multiconductor transmission 
line analysis [56].  For N coupled transmission lines, this theory proposes the voltage on 
the 𝑖𝑡ℎ transmission line 𝑉𝑖 can be found replacing the scalar quantities in Eq. 3.1 and 3.2 
(i.e. Y and Z), with matrices [53]. 














� → − 𝑑
𝑑𝑥
𝑽 = 𝒁𝑰     (3.5) 














� → − 𝑑
𝑑𝑥
𝑰 = 𝒀𝑽     (3.6) 
Diagonal elements of the Y and Z matrices correspond to the characteristic impedance on 
each individual transmission line and the off-diagonal elements correspond to the mutual 
coupling terms.  As before solutions to equations 3.5 & 3.6 are backward and forward 
propagating waves, except the propagation constant β and coefficients A and B are 
matrices instead of scalars. 









Figure 3.3 –a.) Basic unit cell for the Schottky loaded broadband switching 
metamaterial.  b..) Due to its electric symmetry, the top and half plane of this unit cell 
can be replaced with PEC boundaries.  c.) Nonlinear multiconductor transmission line 




 For the broadband switching metamaterial structure discussed in the previous 
chapter this multiconductor transmission line analysis provides a convenient tool for 
analyzing the transient behavior of these structures.   This transmission line analysis is 
ideally suited, both for its numerical efficiency and its ability to handle discrete nonlinear 
circuit elements.  Previous authors have demonstrated the utility of multiconductor 
transmission line analysis for simulating broadband traveling wave metamaterial 
structures.  In particular Rudolph et. al [57], showed that this analysis provided a close 
facsimile to full-wave FEM analysis for a broadband negative refractive index 
metamaterial structure.  In the following chapters this foundational work in traveling-
wave NRI structures will be expanded to analyze the transient behavior of the broadband 
switching metamaterial. 
 
Figure 3.4- Screenshot of COMSOL simulation used to compute inductance and 
capacitance matrices.  Streamlines show variation of electric potential throughout the 






Figure 3.5- Comparison between simulated high power (cyan) and low power 
(magenta) reflection spectra for the Schottky loaded broadband switching nonlinear 
metamaterial structure shown in Fig. 1.  Results obtained from HFSS (solid) show 





Two Conductor Transmission Line Analysis 
The basic unit cell for the broadband switching metamaterial structure is shown in 
Fig. 3.3a.  For vertically polarized waves the top and bottom of the unit cell can be 
terminated with perfect electric conductors (PEC) to simulate infinite periodicity in the 
vertical dimension due to image theory.  Assuming this structure is loaded with a 
symmetric nonlinearity such as two anti-parallel diodes, the impedance in the gaps of the 
rings will vary equally to forward and reverse current.  Thus it can be observed that this 
unit cell possesses electric symmetry allowing the half plane to be terminated as well 
with PEC (Fig. 3.3b).  This reduced unit cell now consists of an inductor connecting the 
two conducting boundaries and transmission line structure (Cond 1) connected to the 
bottom conductor through the inductive elements L.  The top conducting boundary in Fig. 
3.3b is connected to the bottom conducting boundary through the inductive element 𝐿𝑤, 
yielding a second transmission line which is analogous to the free-space wave 
propagating through the structure (Fig. 3.3c).   
Coupling between these two transmission lines, which represents the coupling 
between the broadband switching metamaterial and an incident TEM wave, occurs 
through a combination of inductive and capacitive coupling, which is described by the 
capacitance and inductance matrices between Cond 1 & Cond 2.  These matrices can be 
found by considering the 2-conductor network formed by Cond 1 & Cond 2.  Since the 
unit cell is much smaller than the wavelength range of interest this 2-port network 
analysis can be performed in the quasi-static regime [57].  To extract impedance and 
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admittance matrices, simulations of the transverse cross section of the unit cell in Fig. 1 
were performed in COMSOL using the AC/DC module (Fig. 3.4).  Since these 
transmission lines are assumed to be lossless the impedance and admittance can be 
written in terms of their reactive components leading to the inductance and capacitance 
matrices [53].  
                                           �𝑍11 𝑍12𝑍21 𝑍22
� = 𝑗𝜔 �𝐿11 𝐿12𝐿21 𝐿22
�                          (3.8)  
        �𝑌11 𝑌12𝑌21 𝑌22
� = 𝑗𝜔 �𝐶11 𝐶12𝐶21 𝐶22
�                          (3.9) 
𝐶10  and 𝐶20  are the same as [57], such that 𝐶10 = 𝐶11 + 𝐶21 and 𝐶20 = 𝐶22 + 𝐶21 .  The 
loading inductors (𝐿 & 𝐿𝑤) are extracted from full wave simulations.  To compute the 
value for 𝐿𝑤, broadband S-parameter simulations of electric element on the left of Fig. 
3.3a are performed in the absence of the magnetic elements.  Once the ports in this 
simulation have been de-embedded, the resulting S-parameters can be used to compute 
the shunt inductance using ABCD analysis [1].  A similar analysis is performed for the 
inductor connecting the top and bottom conductors of the rings in Fig. 3.3a.  The 
frequency dependence of these values was found to be negligible over the bandwidth of 
interest.  The values for all of these elements are tabulated in Table 3.1. 
Parameter Value 
L11 0.264 nH 
L22 0.244 nH 
L21 0.176 nH 
L 2.92 nH 
Lw 4.73 nH 
C10 5.47 fF 
C20 7.80 fF 
C21 15.6 fF 
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Cps 0.17 pF 
Cpv 0.44 pF 
Lpv 0.7 nH 
 
Table 3.1-Values for circuits in Fig. 3.3 and 3.8  
Transient simulations of these coupled nonlinear transmission lines were 
performed using Agilent’s Advanced Design System (ADS).  The Skyworks SMS7621-
075LF diodes loading the unit cell in Fig. 3.3a consist of a pair of anti-parallel Schottky 
diodes placed in a single package.  In ADS this diode combination was modeled using 
two PN junction diodes and a single parallel capacitance.  Spice parameters for each 
 
Figure 3.6- Simulated response of broadband switching metamaterial loaded with 




diode were taken from the manufacturer’s specification sheet [55].  The parallel 
capacitor, accounting for the package reactance, was found to be approximately 0.45 pF 
from measurements of the structure [40].  Once the loading elements in this structure 
have been applied the number of unit cells along the direction of propagation can be set 
by connecting the top and bottom transmission lines in series to their respective facsimile.  
For this demonstration seven transmission lines were simulated in series to model the 
seven unit cells in the physical structure.  For the bottom transmission line, the first and 
last element in this series combination are terminated to ground with an additional 
loading inductor having the same value as L [57].  The top transmission line, which acts 
as the input and output port of the simulation is terminated with a 200.14-Ω load, which 
corresponds to the free space impedance scaled by the height-to-width ratio of the unit 
cell in Fig. 3.3b.  
To validate this nonlinear transmission line analysis, S-parameters of the unit cell 
shown in Fig. 3.3a, were obtained using Ansoft’s HFSS and compared at both high and 
low incident power levels.  For the full wave simulation, the response of the diodes at low 
power levels was simulated using a lumped element equivalent consisting of a parallel 
0.45-pF capacitor and 5-kΩ resistor.  At high power levels this combination was changed 
to a 12-Ω resistor.  These resistance values were found from measurements of this diode, 
made on a 50-Ω microstrip [40]. Comparing the S-parameters obtained from full wave 
simulation and those obtained from the nonlinear transmission line analysis we see good 
agreement from 2 to 4 GHz (Fig. 3.5).  A slight shift in frequency is observed between 
these two models in the case of the 12 Ω simulations. 
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Using this nonlinear multiconductor transmission line analysis the transient 
response of this structure can be investigated for arbitrary excitations.  The response time, 
or the amount time required for the structure to transition from one state to another once 
sufficient voltage has been applied, is of particular interest for applications which require 
fast transients.  The characteristic response time of this structure was investigated using a 
100ns pulsed RF signal at 3.2 GHz with a 1ns rise/fall time.  For this demonstration the 
center frequency of 3.2 GHz was chosen to coincide with the impedance matched 
frequency of the structure in the high power state and thus ensure a large variation 
between high and low power states.  For an input waveform with peak voltage of 10 V, 
 
Figure 3.7- Simulated response of broadband switching metamaterial loaded with 12 




reflected and transmitted signals can be observed to exhibit transient behavior over 4ns 
time window before reaching steady state (Fig 3.6).   
This response is primarily due to the response time associated with the bandwidth 
of the pass band in the high power state and not due to the considerably shorter (~10 ps) 
transit time of the diodes.    The effect of this can be seen replacing the diodes in the 
structure with a series resistance of 12 Ω which is equivalent to resistance of the diodes in 
the high power state.  Transient simulations of this linear structure generate a similar 
reflected pulse shape, although with slight higher amplitude due to the absence of loss in 
the diodes during the transitional voltage range.  This similarity confirms that the 
response time of the structure is not limited by the switching time of the diodes and in 
fact that this concept should work at considerably higher frequency before the transient 
time of the diodes becomes a limiting factor.   
Four-Conductor Transmission Line Analysis 
At low incident power levels the dual anti-parallel Schottky diodes loading the 
metamaterial structure exhibit high impedance preventing the circulation of current in the 
magnetic elements and thus creating a magnetic resonance.  By setting this magnetic 
resonance equal to the electric plasma frequency, an imaginary impedance can be created 
over a broadband which strongly reflects incident radiation.  At high power levels the 
impedance of these diodes is significantly reduced shorting the magnetic resonance and 
allowing the structure to be impedance matched over a broad bandwidth, thus reducing 
significantly reducing the reflected radiation.  By changing the response of these diodes 
to the induced voltage, the response of the structure to incident radiation can be 
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drastically altered. Unlike Schottky diodes, varactor diodes can exhibit large decreases in 
capacitance as a function of reverse bias thus causing these diodes to transition from low 
to high impedance. Therefore by interchanging the Schottky diodes with suitable varactor 
diodes, the response of this broadband switching metamaterial structure to incident power 








Figure 3.8 - Basic unit cell for the varactor loaded broadband switching metamaterial 
and its nonlinear multiconductor transmission line equivalent.  Values for the elements 





To demonstrate this concept the Skyworks SMV1231-079LF varactor diode, was 
chosen for its large zero-bias capacitance of 2.35 pF and its small package capacitance of 
0.44 pF [58].  Using a lumped element equivalent to simulate the response of this diode at 
low incident voltages, the dual anti-parallel Schottky diodes shown in Fig. 3.3 were 
replaced with a series 2.5-Ω resistor, 0.7-Ω inductor, and 2.35-pF capacitor.  Due to the 
large capacitance 𝑆21and 𝑆11 values for this structure closely match those obtained for the 
Schottky diode loaded structure at high power levels (Fig. 3.5).  According to the 
manufacturer’s specification sheet [58], the capacitance of the SMV1231 diode decreases 
to the minimum value of 0.44 pF at a reverse bias voltage of 8 V.  This decrease in 
capacitance causes the magnetic resonance of the structure to occur near the electric 
plasma frequency largely reflecting incident radiation similar to the Schottky loaded 
structure at low power.  Furthermore these results show good agreement with simulations 
performed in HFSS using identical lumped elements (Fig. 3.9). 
The transient response of this structure can be investigated by replacing these 
lumped element equivalents with a single PN junction diode model having SPICE 
parameters given by the manufacturer’s specification sheet.  A parallel capacitance of 
0.44 pF, as well as a series resistance of 2.5 Ω and an inductance of 0.7 nH is added to 
this diode to account for Ohmic losses and package parasitics.  Because the nonlinearity 
loading the magnetic elements of the structure is now comprised of a single 
semiconductor junction as opposed to two anti-parallel junctions, the response of this 
device to positive and negative induced voltages are different.  In the case where the 
diodes loading the top and bottom half of the unit cell are oriented in the same direction 
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as shown in Fig. 3.8, the electric symmetry in the unit cell is broken preventing the use of 
a PEC boundary at the half plane of the unit cell.  Therefore to properly simulate the 
response of this structure a four conductor MTL simulation is required, where the two 
transmission lines shown in Fig. 3.3c, are mirrored and subsequently grounded to their 
mirror images as shown in Fig. 3.8b. The first and last elements are connected to their 
image through a 400.28-Ω load for the top and bottom lines and a 2-L inductor for the 
middle lines. 
Through this four conductor transmission line model, the transient switching of 
this varactor loaded structure can be observed.  Using a continuous wave (CW) input 
signal at 3.4 GHz, transmitted signals were monitored for various input voltages (Figs. 
3.10-3.13).  At low power levels, below the forward-bias threshold of the diode, this 
structure primarily passes incident radiation similar to the Schottky- loaded structure at 
high incident power levels.  When the induced voltage exceeds the threshold voltage of 
the diodes under forward bias, induced signals in the structure are rectified by the diodes 
causing a reverse DC bias to build up across the diodes on the top and bottom half of the 
unit cell (bottom of Fig. 3.11).  This reverse bias decreases the capacitance, which in turn 
shifts the magnetic resonance up in frequency reducing the transmission through the 
structure (top of Fig. 3.11).  As the induced voltage is increased further a sudden decrease 
in transmission is observed as a function of applied voltage (Fig. 3.12).  This effect is 
similar to the bistability in varactor- loaded split-ring resonators, reported by several 
authors [49, 50].  Initially this transition is limited to the first few layers of the structure, 
which is evidenced in the significantly smaller voltage drop across the diode in the 
seventh cell (bottom of Fig. 3.12).  Significantly higher voltage is then required to induce 
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this transition in the remaining layers (Fig. 3.13) and allow the structure to reach the 
transmission minimum predicted in Fig. 3.9.  This effect can be evidenced by the larger 
relative voltage drop in cell 7, compared to cells 1 and 4 (bottom of Fig. 3.13).  Therefore 
simply by changing the diodes loading the structure the response of this metamaterial to 






Figure 3.9- Comparison between simulated high power (cyan) and low power 
(magenta) reflection spectra for the varactor loaded broadband switching nonlinear 
metamaterial structure shown in Fig.5.  Results obtained from HFSS (solid) show 







Figure 3.10- Simulated time domain response of varactor loaded broadband 
switching metamaterial obtained using nonlinear multiconductor transmission line 
analysis.  Top shows transmitted (red) signals for a 3.4 GHz input (black) signal at 4 
dBm.  The low pass filtered voltage drop across a single diode is also shown (left) at 
each power level in the first (black), fourth (magenta), and seventh (cyan) element in 







Figure 3.11- Simulated time domain response of varactor loaded broadband 
switching metamaterial obtained using nonlinear multiconductor transmission line 
analysis.  Top shows transmitted (red) signals for a 3.4 GHz input (black) signal at 
39.5 dBm.  The low pass filtered voltage drop across a single diode is also shown 
(left) at each power level in the first (black), fourth (magenta), and seventh (cyan) 






Figure 3.12- Simulated time domain response of varactor loaded broadband 
switching metamaterial obtained using nonlinear multiconductor transmission line 
analysis.  Top shows transmitted (red) signals for a 3.4 GHz input (black) signal at 
39.7 dBm.  The low pass filtered voltage drop across a single diode is also shown 
(left) at each power level in the first (black), fourth (magenta), and seventh (cyan) 







Figure 3.13- Simulated time domain response of varactor loaded broadband 
switching metamaterial obtained using nonlinear multiconductor transmission line 
analysis.  Top shows transmitted (red) signals for a 3.4 GHz input (black) signal at 42 
dBm.  The low pass filtered voltage drop across a single diode is also shown (left) at 
each power level in the first (black), fourth (magenta), and seventh (cyan) element in 








Chapter 4 -Experimental Demonstration 
of Broadband Switching Metamaterials 
The broadband switching metamaterial structures discussed in the previous 
chapter enable the effective material parameters of a composite medium to be changed 
from broadband reflectivity to broadband transparency depending on the power in the 
incident wave.  In practice, these structures would be implemented by arraying the 
fundamental unit cell into a large lattice spanning many wavelengths (Fig. 4.1).  Because 
this lattice must be finite in size, both the coverage and the boundary conditions at the 
edges of the structure are important in determining how the characteristics of this 
structure affect the propagation of an incident wave.  For these reasons, as well as 
economy, many authors have previously demonstrated self-biasing metamaterial 
structures on a relatively small scale using parallel plate waveguide [59, 43].  As seen in 
the previous chapter, terminating the top and bottom of the metamaterial unit cell can be 
an effective way of simulating infinite periodicity in the direction of the electric field.  
The primary issue with metamaterial experiments performed in parallel plate waveguide, 
is that field is not confined in horizontal (i.e. magnetic) direction creating spreading and 
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diffraction of the incident wave, which requires a substantially large lattice for many 
experiments.  To circumvent this complication, measurements can be performed in 
rectangular waveguide which places conducting boundary conditions on both the vertical 
and horizontal planes [38, 40].  While propagation in a rectangular waveguide is by 
definition a different mode of propagation than the TEM mode realized in free space, for 
many structures, measurements made in rectangular waveguide are comparable to those 
in free space over some range of frequencies.  In this chapter, waveguide measurements 
of two broadband switching metamaterials which were introduced in the previous 
chapter, one loaded with dual anti-parallel Schottky diodes and one loaded with single 
varactor diodes will be discussed.  
 
Figure 4.1- A cartoon representation of a semi- infinite broadband switching 
metamaterial slab is shown on the left with a single row enlarged to show detail. The 
resulting fields maps on the right depict low- and high-power excitations (top and 
bottom, respectively) normalized to their incident amplitude. 
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Schottky-Loaded Broadband Switching 
Metamaterial Experiments 
When loaded with dual anti-parallel Schottky diodes, the broadband switching 
metamaterial discussed in Chapters 2&3 is capable of switching from a broadband 
reflective state for low power incident radiation to a broadband transparent state for high 
power incident radiation. To validate the performance predicted in the full wave 
simulation and multiconductor transmission line analysis an experimental demonstration 
of this wideband nonlinear metamaterial slab was conducted in S-band waveguide (Fig. 
4.2). A custom section of WR-284 waveguide (bottom of Fig. 4.3) was built to hold nine 
magnetic and nine electric boards in the waveguide’s cross section.  The top of Fig. 4.3 
shows the wideband nonlinear metamaterial placed inside of this S-band waveguide 
apparatus. Transmission measurements of the slab were made by connecting 6in 
waveguide straight sections followed by waveguide-to-coax adapters to the part and 
measuring 𝑆21  using a vector network analyzer (VNA) and external amplifier. For 
reflection measurements, one of the waveguide straight sections was replaced with a 
directional coupler where port 2 of the VNA was connected to the coupled port. A 50-Ω 
waveguide load was placed after the metamaterial structure to ensure proper termination.  
All boards were etched on a 1E/1E copper laminate of RO4003 (left-side of Fig. 4.4).  
Once etched Skyworks SMS7621-075LF diodes were placed in the gaps of the magnetic 
elements using solder paste and a reflow oven (right-side of Fig. 4.4).  These diodes were 
chosen for their low capacitance and high resistance in the off state and its low on-state 
resistance.   The electric elements were grounded to the waveguide. This was achieved by 
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adding metal fingers to the inductive traces which extended above the waveguide and 
were grounded using copper tape. 
  
 
Figure 4.2- Schematic diagram of experimental setup used to measure (a) 











Figure 4.3- Photograph of Schottky- loaded broadband switching metamaterial in 
waveguide measurement apparatus (top).  Bottom shows the metamaterial in the 
custom section of WR-284 from a front side view (left) and a top view of magnetic 
boards only with top plate remove (right).    
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Figure 4.4- Photograph of electric and magnetic boards before (left) and after (right) 
diode placement.  A zoomed in view of magnetic boards showing the configuration of 




Using the aforementioned measurement apparatus, reflection and transmission 
measurements were made at incident powers of 0 dBm, 10 dBm, 20 dBm, 30 dBm, and 
40 dBm (Fig. 4.5). At low incident powers (<10 dBm) this structure exhibited broadband 
reflectivity (𝑆11>-1 dB) from 3.1 GHz-4 GHz. When excited with high power (40 dBm) 
this broadband reflectivity dropped by approximately 10 dB over a 625-MHz (18%) 
bandwidth centered at 3.43 GHz and by 3 dB over a > 30% bandwidth centered at 3.6 
GHz with a maximum decrease of 42.9 dB at 3.166 GHz (Fig. 4.5). Furthermore, at 40 
dBm the maximum power loss in the slab is 1.1 dB with an average loss of 0.7 dB and a 
minimum of 0.55 dB across the 10 dB bandwidth (Fig. 4.6). These values suggest that 
once the diodes are fully conducting, the majority of the reduction in reflected amplitude 
is due to transmission and not to absorption. Contrarily above 10 dBm and below 40 dBm 
the structure can exhibit significant absorption with an average value of 6.5 dB and 4.8 
dB observed at 20 dBm and 30 dBm incident powers, respectively.   
Since the waveguide used in this experiment supports 𝑇𝐸10propagation rather 
than TEM, Fig. 4.5 cannot be directly compared to Fig. 2.10. As a result, new simulations 
were performed in CST with the boundary conditions modified to represent a WR-284 
waveguide. Additionally, we used two diodes packaged in a single SC-70 package, rather 
the two antiparallel SC-79 packages which we had originally measured. Unfortunately, 
the larger SC-70 package increased the total capacitance of the diodes to 0.45 pF. The 
updated results of these simulations are compared to the measurements in Fig. 4.7 and the 





Figure 4.5- Reflection (top) and transmission (bottom) measurements of the 










Figure 4.6- Plot of measured loss through Schottky loaded broadband switching 
metamaterial at various power levels. The 10 dB bandwidth of this structure is 





Figure 4.7- Simulated (dashed lines) and measured (solid lines) reflection (top) and 
transmission (bottom) coefficients of the wideband seven cell nonlinear metamaterial 
structure placed inside a WR-284 waveguide. The high and low power states of the 
diodes were simulated by changing the resistance values. The 10 dB bandwidth of 




In addition to the frequency domain measurements discussed above, pulsed time-
domain measurements of this Schottky- loaded broadband switching metamaterial 
structure were made to validate the temporal switching dynamics predicted by the 
nonlinear multiconductor analysis shown in Fig. 3.6.  As before these measurements were 
made in WR-284 waveguide using a similar measurement setup (Fig. 4.8).  A 25-GS/s 
Tektronix 70002 arbitrary waveform generator connected to a 54-dBm amplifier, was 
used to generate a 100-ns pulsed RF signal at 3.2 GHz with a 1ns rise/fall time at one port 
of the waveguide.  The transmitted signal through this structure was measured at the 
opposite port of the waveguide using a Tektronix DPO70604 25-GS/s oscilloscope.  A 
circulator with a 50-Ω load was used at the input port of the waveguide to isolate the 
amplifier.  Reflected signals were measured by interchanging the 50-Ω load on the 
circulator and the oscilloscope.  Figure 4.9 shows the signal measured from this 
experiment compared with results obtained from the nonlinear multiconductor 
transmission line analysis.  Signals measured from this experiment demonstrate a 3-4 ns 





Figure 4.8- Schematic diagram of experimental setup used to measure transient (a) 






Figure 4.9- Simulated (top) and measured (bottom) response of broadband switching 
metamaterial to an input 100-ns RF pulse at 3.2 GHz, with a 1-ns rise/fall time. 
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Varactor-Loaded Broadband Switching 
Metamaterial Experiments 
When loaded with varactor diodes this broadband switching metamaterial is 
capable of switching from a broadband transparent state for low power incident radiation 
to a broadband reflective state for high power incident radiation.  This response to 
incident power is exactly opposite to that demonstrated in the previous section for the 
Schottky loaded structure.  Furthermore as suggested in Chapter 3, the non-symmetric 
nature of the nonlinearity loading this device causes it to switch in response to a DC bias 
accumulated between the diodes in the top and bottom of the magnetic elements and not 
due to the instantaneously induced current.  For this reason the transient characteristics of 
this structure as well as its response to incident power are significantly more complex. 
To validate the transient behavior predicted in the last section of Chapter 3, an 
experimental demonstration of this varactor loaded broadband switching metamaterial 
 
Figure 4.10- Photograph of the Skyworks SMS7621-075LF and SMV1231-079LF 
diodes mounted on the magnetic elements of the broadband switching metamaterial. 
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was conducted in WR-284 waveguide.  The fabrication process for these boards was the 
same as that described in the previous section except the SMS7621-075LF diodes were 
exchanged with the SMV1231-079LF model (Fig. 4.10).  Each of these diodes was 
oriented in the same direction in the top and bottom half of the unit cell.  Boards were 
then mounted in a custom section of WR-284 which was connected on either end to 
waveguide straight sections and coaxial transitions.  Using a vector network analyzer 
with an output power of 0 dBm, 𝑆11 and 𝑆21 for this structure were measured from 3-4 
GHz.  For comparison, additional simulations were run in CST Microwave Studio using 
waveguide boundary conditions and the low power lumped element equivalents for the 
SMV1231 discussed earlier in this section.  These measurements show generally good 
agreement with simulation (Fig. 4.11). 
The transient switching behavior of this structure was investigated using the same 
experimental setup shown in Fig. 4.8.  Figures 4.12-4.15 show the measured signals 
transmitted through the broadband switching metamaterial for a pulsed RF input centered 
at 3.4 GHz at four different power levels.  For low input powers, good transmission is 
observed throughout the duration of the pulse, with an insertion loss of 1.15 dB.  As the 
incident power is increased a slight reduction in transmission of 0.8 dB is observed, this 
is similar to the intermediate switching behavior observed in Fig. 3.11.  At 43.6 dBm an 
abrupt decrease in transmission is observed.  This abrupt drop in transmission most likely 
corresponds to scenario where all seven cells of the structure have been activated (Fig. 
3.13) and not the significantly more abrupt transition observed in Fig. 3.12 which occurs 
when just the initial cells in the structure activate.  This effect can be further evidenced 
by the minimal drop in power (0.2dB) observed at 46 dBm (Fig. 4.15). 
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Figure 4.11- Comparison between measured (solid) and simulated (dashed) S-
parameters for the varactor- loaded broadband switching nonlinear metamaterial 
structure at low power. Results obtained from CST (solid) show good agreement with 






Figure 4.12- Measured time domain response of varactor loaded broadband switching 
metamaterial in WR-284 waveguide.  A transmitted (red) signal for a 3.4 GHz input 
(black) signal at -5 dBm is shown.  Both input and transmitted waveforms are 





Figure 4.13- Measured time domain response of varactor loaded broadband switching 
metamaterial in WR-284 waveguide.  A transmitted (red) signal for a 3.4 GHz input 
(black) signal at 39.2 dBm is shown.  Both input and transmitted waveforms are 





Figure 4.14- Measured time domain response of varactor loaded broadband switching 
metamaterial in WR-284 waveguide.  A transmitted (red) signal for a 3.4 GHz input 
(black) signal at 43.6 dBm is shown.  Both input and transmitted waveforms are 





Figure 4.15- Measured time domain response of varactor loaded broadband switching 
metamaterial in WR-284 waveguide.  A transmitted (red) signal for a 3.4 GHz input 
(black) signal at 46 dBm is shown.  Both input and transmitted waveforms are 
normalized to the peak input voltage. 
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Once enough power has been applied to this structure over a sufficient period of 
time the reverse bias built up across the varactors will reach steady state. Frequency 
dependent transmission and reflection measurements of this structure at steady state were 
made by replacing the pulsed RF source and oscilloscope in Fig. 4.8 with a vector 
network analyzer and external amplifier operating with an output power of 43 dBm and a 
sweep time of 5.5 ms (Fig.4.16). Due to the large reflected power in this experiment a 
high power circulator was required, thus limiting the frequency range in these 
experiments to 2.9 GHz-3.7 GHz. In comparison with Fig.4.11, these measurements 
demonstrate a 3 dB drop in transmission from 3.05 GHz to 3.7 GHz with a maximum 
decrease in transmission of 8.5 dB at 3.47 GHz. Furthermore these measurements show 




         
  
 
Figure 4.16- Reflection (black) and transmission (magenta) measurements of varactor 
loaded broadband switching metamaterial measured using vector network analyzer 
with an input power of 43 dBm. These experiments (solid) show good agreement with 






Chapter 5 -Improved Time-Reversal 
Based Beamforming Using a Self-Biasing 
Switch 
Distributed self-biasing structures such as those discussed in the previous chapters 
are particularly useful in applications where the properties of an electromagnetic wave 
need to be altered in space before it is received or converted into a confined mode in a 
transmission line.  For applications such as high power limiting and field confinement 
this is especially true, as these self-biasing metamaterials allow processing of high power 
electromagnetic signals in space where the power density is lower.  While the self-biasing 
metamaterial structures discussed in the previous chapters attempt to massively array 
nonlinear devices on a scale that is far less than the incident wavelength, this same 
concept can be useful even if the spacing between the nonlinear devices is quite large.  In 
this chapter, the application of discrete self-biasing switches to improve the performance 
of a beamforming system will be discussed.  Unlike traditional ultra-wideband 
beamformers, this system uses a single input channel fed into a reverberant cavity to 
control the delay and amplitude of pulses at various output channels inside the cavity.  
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This functionality is achieved using a technique known as time-reversal and in this 
chapter we demonstrate that the artifacts associated with this time-reversal process can be 
mitigated by implementing simple, passive, and compact self-biasing switches at the 
output ports of this cavity.         
Ultra-wideband Beamforming 
Wireless ultra-wideband (UWB) systems utilize short pulses to transmit and 
receive data for communications, radar, and imaging [60, 61, 62, 63, 64, 65].  Because 
energy is highly localized in time these systems can achieve higher data rates and better 
isolation than their narrowband counterparts.  In many applications these systems operate 
with a preferred direction of propagation which requires beamforming.  Unlike 
narrowband systems which use phase shifting to achieve this effect, UWB short pulse 
arrays use true time delay (TTD) beamforming. 
To illustrate the TTD beamforming concept, consider the antenna array shown in 
Fig. 5.1 [66].  For a planar wavefront incident at an angle θ and consisting of a single 
frequency (f), the received signal 𝑦(𝑡) at the summation port is given by Eq. 5.1 [66], 




��𝐾𝑖=1 = ∑ 𝑠𝑖𝑛(2𝜋𝑓[𝑡+ (𝑇1)𝑖 + (𝑇2)𝑖𝑠𝑖𝑛𝜃])𝐾𝑖=1     (5.1) 
where 𝑑𝑖  is the distance between the i-th element and the summation port and 𝑣1& 𝑣2are 
the propagation speeds in transmission medium between the elements and the summation 
point and free space respectively.  By reciprocity Eq. 5.1 guarantees that by transmitting 
a continuous wave signal from the summation point with an appropriate phase satisfying 
the condition (𝑇1)𝑖 + (𝑇2)𝑖𝑠𝑖𝑛𝜃 = constant, a planar wavefront can be generated at the 
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output of the array propagating with an angle θ.  In this way signals can be received and 
transmitted by an array of radiating elements with a preferred direction of propagation. 
 In the case where multiple frequencies are received or transmitted simultaneously 
through the array, 𝑦(𝑡) can be written as a summation over both the elements in the array 
and the received/transmitted frequencies, 
                   𝑦(𝑡) = ∑ ∑ 𝐴𝑗𝑠𝑖𝑛�2𝜋𝑓𝑗[𝑡 + (𝑇1)𝑖 + (𝑇2)𝑖𝑠𝑖𝑛𝜃]�𝐾𝑖=1𝑀𝑗=1                              (5.2) 
                              𝑦(𝑡) = ∑ ∑ 𝐴𝑗𝑠𝑖𝑛�2𝜋𝑓𝑗[𝑡 − 𝜏𝑖]�𝐾𝑖=1𝑀𝑗=1                                             (5.3) 
where 𝐴𝑗 is the amplitude of the j-th frequency.  By inspection it can be seen that 
𝑦(𝑡) consists of the sum of K identical signals each represented as a Fourier series.  In the 
 
Figure 5.1- Illustration showing typical geometry for TTD beamforming array.    
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limit where these frequencies are closely spaced and cover a sufficiently broad 
bandwidth, each of these signals can be represented by an arbitrary function 
𝑓(𝑡) convolved with a time shift operator 𝛿(𝑡 + 𝜏𝑖). 
                                          𝑦(𝑡) = ∑ 𝑓(𝑡) ∗ 𝛿(𝑡+ 𝜏𝑖)𝐾𝑖=1                                               (5.4) 
Therefore for ultra-wideband phased arrays efficient transmission of an arbitrary function 
at some angle θ can be achieved by supplying the arbitrary function at the input and 
subsequently applying an appropriate time-delay to each channel. 
Time-Reversal Based Beamforming 
One of the primary limitations associated with TTD beamformers such as the one 
illustrated in Fig. 5.1, is the associated complexity of such networks.  In particular these 
networks require several splitters and variable delay lines to achieve the performance 
discussed in the previous section.  Several authors have proposed that the complexity of 
such networks can be significantly reduced through a technique known as time-reversal 
[67, 68, 69].  The basic concept behind this technique is that the convolution of a function 
and its time-reversed counterpart yields an autocorrelation which is close to a delta-
function.  Therefore if the channel response h(t) between two ports connected by an 
arbitrary dispersive medium is measured, time-reversed, and retransmitted at either of the 
ports then an auto-correlated signal ℎ(𝑡) ∗ ℎ(−𝑡) will be received at the opposing port 
[69].  Furthermore by convolving an arbitrary signal f(t) onto this transmitted time-
reversed channel response the dispersive effects of the channel can be mitigated 
improving the delivery of the arbitrary signal [70]. 
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To illustrate the use of this technique for TTD beamforming consider the 
reverberant cavity shown in Fig. 5.2.  This cavity consists a single input channel and 
multiple output channels.  The channel response between this input channel and ith 
outputs can be represented by the time-domain channel response ℎ𝑖(𝑡).  Therefore by 
time-reversing this channel response and retransmitting it from the input an 
autocorrelated pulse can be formed at the ith output 𝐻𝑖𝑖(𝑡) = ℎ𝑖(𝑡) ∗ ℎ𝑖(−𝑡) .  
Furthermore by applying a time-delay τ this autocorrelated pulse can be delayed in time 
and when summed at the input with appropriately delayed and time-reversed channel 
responses from the other channels in the cavity, short pulses can be formed at each of the 
output ports of the cavity in succession yielding a transmitted wavefront propagating at 
 
Figure 5.2- Illustration showing time-reversal process inside a reverberant cavity.    
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an angle θ.  However due to the nature of the reverberant cavity the ith channel response 
does not exclusively couple to the ith channel but rather couples to all of the channels in 
the cavity.  Therefore the total signal transmitted from the ith channel in the cavity can be 
written as the sum of autocorrelated 𝐻𝑖𝑖(𝑡, 𝜏𝑖) and cross-correlated 𝐻𝑖𝑗(𝑡, 𝜏𝑗) terms, 




                                    (5.5) 
where 𝐻𝑖𝑖(𝑡, 𝜏𝑖) = ℎ𝑖(𝑡) ∗ ℎ𝑖(−𝑡− 𝜏𝑖)  and 𝐻𝑖𝑗(𝑡, 𝜏𝑖 ) = ℎ𝑖(𝑡) ∗ ℎ𝑗(−𝑡 − 𝜏𝑗) .  Assuming 
the cavity is sufficiently reverberant the second term in Eq. 5.5 is generally much lower 
in amplitude than the autocorrelation peak.  However achieving such highly reverberant 
cavities generally requires increased volume which is often undesirable for many 
applications.  Furthermore any source of loss inside the cavity can degrade the quality of 
the autocorrelation adding noise to the first term in Eq. 5.5 even in the absence of cross-
correlation terms.   Therefore in the proceeding sections of this chapter, a simple and 
compact self-biasing switch is proposed to reduce such artifacts and improve the quality 
of time-reversal based beamforming systems. 
Design of a Broadband Self-Biasing Switch 
Previous demonstrations have shown that passive UWB beamforming from a 
single input can be achieved using time reversal [67, 68, 69].  This technique employs a 
reverberant cavity to act as a passive delay line between a single input and multiple 
output ports.  Due to the loss mechanisms inside this cavity, artifacts are generated by the 
time reversal process known as time sidelobes which degrade the beamforming.  These 
artifacts appear as random low amplitude signals before and after the desired output 
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pulse.  By loading the output ports of a reverberant cavity with broadband self-biasing 
switches a significant reduction in these time sidelobes can be realized [71].  Each switch 
consists of a 50-Ω microstrip printed on RO4003 containing multiple Schottky diodes in 
series (Fig. 5.3).  Due to the capacitance of this diode combination, these devices act like 
high pass filters for low voltage signals, strongly reflecting low power transients below 
the cutoff frequency.  For transients exceeding the activation voltage of the diodes, this 
capacitance is shorted allowing signals to pass with significantly less attenuation.  This 
effect creates a nonlinear channel response at the output of the cavity that suppresses low 
voltage signals, while passing high voltage signals with less attenuation.  
Transient simulations of these devices were performed in Agilent’s Advanced 
Design System (ADS).  Each switch consists of three SMS7621-079LF Schottky diodes 
mounted in series on a 50-Ω microstrip line and oriented cathode to anode (Fig. 5.3).  At 
low power each of these diodes possesses a total capacitance of 0.25 pF and a package 
inductance of 0.7 nH.  This inductance and capacitance creates a pass band near 12 GHz.  
 
Figure 5.3- Equivalent circuit diagram of the self-biasing switch used in the time 
reversal beamforming process.  The equivalent circuit of the SMS7621-079LF Schottky 
diodes used in the switch is shown in the inset. 
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By adjusting the number of elements in the switch the rolloff of this feature can be 
increased, widening the bandwidth of the reject band. Thus to create a high pass filter 
with a 3-dB rolloff above 8 GHz, three diodes were placed in series in the switch.  Above 
the activation voltage, this 0.08 pF of capacitance is shorted out, rendering the impedance 
of the device primarily resistive with each diode possessing around 12 Ω of series 
resistance.  At high power the combined resistance of these three devices as well as the 
characteristic impedance of the microstrip causes this device to act like a voltage divider. 
The amount of attenuation generated in the high power state can be reduced by 
decreasing the number of diodes in this device.  Since the primary source of capacitance 
in the SMS7621-079LF diode is the SC79 package, a smaller number of unpackaged 











Voltage dependent reflection and transmission coefficients for this device were 
obtained in Agilent’s Advanced Design System (ADS) through a series of transient 
simulations.  Equivalent circuits for the diodes were generated from the manufacturer’s 
specification sheet [55].  Each of these simulations monitored reflected and transmitted 
signals relative to a narrowband input at various voltage levels.  Over the frequency range 
of interest (2-8 GHz) an average increase in transmission of 5.47 dB is observed between 
100 mV and 10 V with a maximum increase of 13.3 dB at 2 GHz (Fig. 5.4).  By correctly 
adjusting the amplitude of the input signal to the cavity, this difference in transmission 
between high and low voltages signals can be used to reshape the outputs of the cavity, 
preferentially passing signals which are focused at the output ports while rejecting those 
which are not.  Due to the finite series resistance of the diodes there is a significant 
attenuation through the SBS at high power.  While this attenuation will decrease the peak 
amplitude of the output signals, the reduction of the temporal artifacts or time sidelobes 







Figure 5.5- Peak to average ratio of output signal after SBS for various peak input 
voltages.  The maximum peak to average ratio occurs around 0.6 V. 
 
 
Figure 5.6- Simulated output of reverberant transmission line network with (red) and 




To determine the effect of these self-biasing switches on the time reversal process 
a reverberant two-port network was modeled using 25 parallel transmission lines [71].  
Each transmission line had a characteristic impedance of 377 Ω and a length between 
from 1.2 m to 2.4 m.  Using a 166-ps Gaussian modulated RF pulse, the impulse response 
of this network was measured, time-reversed and used as an input waveform in a second 
simulation.  Comparing the normalized output of this network with and without the self-
biasing switch, a reduction of approximately 6 dB in the time sidelobes was observed 
(Fig. 5.5). These artifacts can be further reduced by incorporating more series diodes into 
the switch but at a cost of increased attenuation.  Furthermore, because the diodes in the 
switch are all oriented in the same direction the focused pulse is rectified creating a 
monopolar pulse.  For applications which require a bipolar pulse an antiparallel diode 
pair can be used instead. 
The impact of the SBS can be optimized for a particular configuration by 
adjusting the input power to the reverberant system and monitoring the peak to average 
ratio of the output (Fig. 5.6).  In the case of a single UWB pulse generated by the time 
reversal process, the peak to average ratio of the signal will be highest when the artifacts 
surrounding this pulse are minimized.  At voltages well below the activation voltage of 
the diodes, both the reconstructed pulse and the time-sidelobes experience large and equal 
attenuation, thus no appreciable improvement in the peak to average ratio occurs.  As the 
input voltage increases, the peak voltage in the output experiences increasingly less 
attenuation than the sidelobes, thus increasing the difference between these two features 
and improving signal quality.  Increasing the input voltage beyond this point will degrade 
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signal quality by pushing components of the time-sidelobes above the activation voltage 
of the diodes. 
  
 
Figure 5.7- Schematic illustration of reverberating cavity used in beamforming 









Figure 5.8- (Top) Photograph showing inside of reverberating cavity used in 
beamforming experiments.  Photograph of self-biasing switch (bottom-left) and 




To demonstrate the utility of these self-biasing switches for the time reversal 
based beam forming process, experiments were performed in a 1.27 m x 1.22 m x 0.6 m 
aluminum box (Fig. 5.7).   This cavity was loaded with five planar bowtie antennas four 
of which were designated as output ports and loaded with self-biasing switches (Fig. 5.8).  
Using a process similar to that first proposed by Carsenat et. al [67], the impulse response 
between each unloaded output port and the input was measured from 1-10 GHz using an 
Agilent N5230A vector network analyzer and then filtered from 2-8 GHz with a Gaussian 
window, yielding a 166-ps Gaussian pulsed RF signal in the time domain.  Each signal 
was then phase conjugated and inverse Fourier transformed to generate the time-reversed 
impulse response for each channel. 
Using a 25-GS/s Tektronix 70002 arbitrary waveform generator connected to a 
40-dBm amplifier, the sum of the impulse responses of the cavity were fed into the input 
port and the resulting signals were measured at the four output ports using a Tektronix 
DPO70604 25-GS/s oscilloscope.  These measurements were performed with and without 
the self-biasing switches to observe the improvement in the output pulse generated by 
these devices.  Figure 5.9 shows the measured signal at one of the output ports with and 
without the self-biasing switch.  A significant reduction of 10-15 dB in artifacts 
surrounding the main pulse can be observed between these two cases.  This level of 
sidelobe suppression was larger than that observed in the simulation shown in Fig. 5.5, 
for two primary reasons.  First the capacitance and inductance of the Schottky diodes has 
some inherent frequency dependence which causes the low power state of the switch to 
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exhibit slightly broader bandwidth than predicted from the manufacturer’s specified 
values.  Second the reverberation environment in the experiment and simulation were 
different creating different sidelobe levels at the input of the switch.  
  
 
Figure 5.9- Measured output of reverberant cavity with (red) and without (black) self-
biasing switches (SBS). 
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Figure 5.10- Screenshot in CST showing configuration of antenna array used in 
beamforming simulation and arrangement of far-field probes (top).  The front  (bottom-
right) and back (bottom-left) of a single planar Vivaldi element are also shown.  
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To investigate the effect of these devices on the beamforming process, signals 
measured from the output ports of the cavity, both with and without the self-biasing 
switches, were used as inputs to a four element array simulated in CST Microwave 
Studio.  Each of these signals was normalized in amplitude to its respective maximum.  
This array consisted of four Vivaldi antennas covering the 2-8 GHz band of interest.  In 
general the reflected power at the input of these elements was less than -10 dB over the 2-
8 GHz band of interest (Fig. 5.11).  The time-domain far-fields of this array were 
computed at 45 discrete angles.  Due to the temporal sidelobes generated during the time 
reversal process, considerable artifacts are created in the beamforming process.  This 
 
Figure 5.11- Simulated 𝑺𝟏𝟏of a single Vivaldi element in the four element array 
configuration shown in Fig. 5.10.  In general the reflected power is less than -10 dB 
over the 2-8 GHz band of interest. 
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effect is evident in comparing the resulting pattern from the Vivaldi array fed directly 
with four separate 6-GHz Gaussian pulses (Fig 5.12) and the pattern generated using the 
measured data from the cavity (Fig 5.13).  Using the self-biasing switches (Fig 5.14) a 
significant reduction in these artifacts (~10 dB) is observed in the range profile of the 
resulting pattern, although due to the loss present in the switch the effective gain of the 
array is reduced by 6 dB.  Furthermore, because the diodes in the SBS rectify the output 
of the cavity, the resulting waveform at each element of the array is much closer to a 
monopolar pulse.  This creates additional features in azimuth which appear as diagonal 
arcs in Figure 5.14.  This effect can also be seen in Figure 5.15, where an 88-ps Gaussian 
monopulse is input into the array.  In the case of the self-biasing switch, these features 
can be mitigated by using an anti-parallel diode combination which responds equally to 
the positive and negative portions of the pulse.    
 






          
   




Figure 5.12- Simulated beamforming from a four element Vivaldi array, computed 
using 166-ps bipolar Gaussian pulse.  The inset in each figure shows the cut plane at 
0 ns (top-left) and 0° (bottom-right).   
 
Figure 5.13- Si ulated bea f r ing fr   f r l t i l i rr , t  
using measured output of the reverb rant cavity without SBS. The in et in each figure 









Figure 5.14- Simulated beamforming from a four element Vivaldi array, computed 
using measured output of the reverberant cavity with SBS.  The inset in each figure 





Figure 5.15- Simulated beamforming from a four element Vivaldi array, computed 
using 88-ps monopolar Gaussian pulse.  The inset in each figure shows the cut plane 
at 0 ns (top-left) and 0° (bottom-right).   
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Chapter 6 –Conclusions 
Summary of Achievements 
The focus of this dissertation has been the development of distributed broadband 
self-biasing structures for microwave applications.  Such devices interact with 
electromagnetic waves differently depending on the power in the incident wave, and in 
doing so allow nonlinear functions typically performed in a single transmission line to be 
performed in free-space or among multiple transmission lines.  Because the power 
density in the free space wave is typically lower than that of the fields contained in a 
transmission line, low power yet faster and more broadband devices can be employed in 
these structures. This functionality is particularly useful for applications in high power 
limiting and field confinement.  Furthermore these structures can be used to improve the 
fidelity of complex UWB beamformers by suppressing low amplitude noise, without 
additional processing. 
In the second chapter of this dissertation a broadband switching metamaterial 
concept was introduced.  Using a hybrid thin wire and split ring resonator unit cell it was 
shown that non-overlapping regions of negative permittivity and permeability could be 
generated creating a broadband imaginary index.  Due to the imaginary propagation 
constant present in this medium, incident waves are unable to propagate inside the 
medium creating large reflection coefficients even for electrically thin slabs.  It was then 
shown that by shorting the gaps or capacitive elements of the split ring resonators that 
this broadband reflection could be reduced allowing the structure to be well impedance 
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matched.  By adjusting the length of this structure, such that a quarter wave or Fabry-
Perot resonance, was created close in frequency to the impedance matched frequency, 
broadband transmissive characteristics could be generated between these two features.  
Therefore by introducing a suitable diode into the gaps of the split ring resonators it was 
proposed that this structure could be transitioned from a broadband reflective state at low 
incident power to a broadband transparent state at high power.  Simulations performed in 
Ansoft’s HFSS were used to demonstrate this concept. 
    Due to the presence of a nonlinear impedance in the magnetic elements of this 
structure, evaluation of transient behavior requires modeling both the coupling between 
the structure and the incident free space wave as well as the nonlinear impedance of the 
diodes.  Therefore a multiconductor transmission line analysis was developed to model 
the transient behavior of this structure for various nonlinear loads.  First a two-conductor 
transmission line model was proposed and used to investigate the transient switching 
behavior of this structure for symmetric nonlinearities such as the dual anti-parallel 
Schottky diode combination.  For this particular diode it was shown that the response 
time of the structure was primarily limited by the inherent frequency characteristics of the 
metamaterial and not by the transient time of the diode.  Following this analysis a four-
conductor transmission line model was proposed to model non-symmetric nonlinearities 
such as single diodes.  Using this model the transient behavior of this structure was 
investigated for the case where the top and bottom gaps of the magnetic elements were 
loaded with opposing varactor diodes.  For this configuration, this structure was observed 
to exhibit the opposite response to incident power, creating broadband transmissive 
characteristics at low power and broadband reflective characteristics at high power.  
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Furthermore it was observed that the range in power over which this device switched 
states was considerably shorter, although the response time was seen to be considerably 
longer due to the fact that the switching mechanism relies on an accumulation of DC bias 
across the diodes in the top and bottom of the ring. 
Experimental demonstrations of both the Schottky and varactor loaded broadband 
switching metamaterials were performed in WR-284 waveguide.  The former of these 
structures demonstrated a 10 dB reduction in reflected amplitude over an 18% bandwidth, 
a 3 dB reduction over a >30% bandwidth, and a maximum difference in reflection of 
nearly 42 dB.  Furthermore based on transient measurements also performed in 
rectangular waveguide, it was observed that the response time of this structure was 
approximately 3-4 ns which was in good agreement with values predicted in the 
multiconductor transmission line analysis.  Transient measurements of the varactor 
loaded broadband switching metamaterial were also performed in rectangular waveguide 
and showed similar behavior as that predicted in the multiconductor transmission line 
analysis.  As expected this structure exhibited the opposite response to incident power, 
exhibiting broadband transmissive characteristics at low incident powers and broadband 
reflective characteristics at high incident powers.  Furthermore it was observed that the 
power tuning range of this structure was significantly more abrupt than the Schottky 
loaded structure occurring over a less than 3 dB range, although the response time was 
observed to be significantly longer on the order of several hundred nanoseconds. 
In the final chapter of this dissertation a broadband self-biasing switch was 
proposed to reduce the artifacts associated with time reversal based beamforming.  This 
device consists of multiple diodes placed in series on a 50-Ω microstrip.  At low incident 
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voltages this device behaves like a high pass filter, rejecting low power transients over a 
broad bandwidth.  Once the activation voltage of these diodes is exceeded, the capacitive 
elements of this filter are shorted allowing energy to pass with significantly less 
attenuation.  By preferentially attenuating low power transients this device can suppress 
the temporal artifacts associated with the time reversal process.  An experimental 
demonstration of this device was performed using a reverberant cavity as a passive delay 
line network.  Measured outputs from this cavity were then used as inputs to a simulated 
array of Vivaldi antennas to demonstrate the proposed improvement in beamforming.  
From these measurements a 10-15 dB reduction in artifacts associated with the time-
reversal process were observed. 
Future Work 
In this thesis broadband self-biasing structures have been discussed for various 
microwave applications.  While these demonstrations showcase the capability of these 
devices to improve upon specific microwave techniques, these devices have the potential 
to improve a wide array of existing technology. 
The broadband switching metamaterial structures discussed in Chapters 2, 3, & 4, 
were primarily designed to operate at the S-band frequency range, however many 
applications in wireless communications and radar demand devices which operate at 
significantly higher frequences.  In principle this transition to higher frequencies is easily 
achieved by scaling the unit cell however the nonlinearities loading the structure possess 
properties which do not scale with the geometry.  The Schottky diodes used in the 
experiment shown in Chapter 5 possess a transient time on the order of 10 ps, suggesting 
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that the junction should be able to efficiently operate well into the mm-wave region.  
However the capacitance and inductance of these elements are generally not suited for 
operation much above S-band in the proposed structure.  Therefore in order to achieve 
similar performance at higher frequencies diodes significantly lower junction capacitance 
and package parasitics should be utilized. 
 For many applications the orientation of an incident wave is unknown or may 
vary and therefore electromagnetic structures intended to interact with this wave must be 
able to respond equally to any orientation.  For the broadband switching metamaterial 
structures discussed in this thesis, this concept is also true, however achieving full 
isotropy with this structure presents several unique challenges.  Isotropic designs for 
similar traveling wave metamaterial structures were previously demonstrated by Rudolph 
et. al. [72].  These designs replace inductive elements with vias and thin wires allowing a 
2-dimensionally isotropic version of the previously discussed structure to be realized.  
Future work should explore the use of such isotropic designs with the broadband 
switching metamaterials discussed in this dissertation.       
In Chapter 3 it was observed that when loaded with opposing varactor diodes that 
the broadband switching metamaterial structure transitioned from its low power to high 
power state in response to an accumulated DC bias between the diodes and not to the 
instantaneous current induced in the ring.  Due to the high resistance of these diodes in 
reverse bias this DC voltage persists in the rings for a long period of time after the 
incident radiation has been turned off [49].  This residual bias causes the structure to 
maintain its high power material properties for a long period of time after the incident 
radiation has ceased creating a sort of “memory” in the structure.  By introducing an 
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additional switching element in the unit cell which connects the vertical inductor in the 
magnetic element to the electric elements this residual bias can potentially be shorted in 
response to some stimuli.  In this way the material properties of this structure can be 
“programmed” allowing a single bit of logic to be stored and then erased.  In the future 
with higher levels of integration it is conceivable that more complex logic could be 
programmed into such structures allowing the material properties to be remotely 
specified at will. 
In Chapter 5 a broadband self-biasing switch was proposed to reduce artifacts 
associated with the time-reversal based beamforming process.  These switches consisted 
of multiple Schottky diodes placed in series on microstrips.  While this techniques was 
effective, it is currently limited to applications where the output of a reverberant cavity is 
to be terminated with a transmission line.  Recently, it has been demonstrated that similar 
time-reversal based beamforming can be achieved using a reverberating cavity with 
several apertures cut into the sidewall of the cavity [69].  These apertures replace the 
antennas used in the demonstration in Chapter 5, but prevent the use of the self-biasing 
switches.  One potential way to reduce the time-sidelobes in this beamforming 
configuration, is to load the apertures at the output of the cavity with broadband 
switching metamaterials.  At low power these structures would block leakage exiting the 
cavity but become transparent once the autocorrelation pulse formed at the output, thus 
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